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(57) Abstract: A hydrogen generation 
apparatus employs a thermocatalytic reactor 
formed of a top plate, a bottom plate, and 
a reactor core disposed between the top 
and bottom plates. The reactor core has a 
reaction surface and a combustion surface, 
each surface having a raised periphery 
defining opposing ends and opposing sides. 
The reaction surface and the top plate 
together define a reaction chamber and the 
combustion surface and the bottom plate 
together define a combustion chamber. The 
reaction core has a first set of a plurality of 
spaced apart, substantially straight radiating 
fins extending from the reaction surface and 
a second set of a plurality of spaced apart, 
substantially straight radiating fins extending 
from the combustion surface. The first set 
of fins defining a plurality of combustion 
channels, while the second set of fins define 
a plurality of reaction channels running 
parallel to the opposing sides and is spaced 
apart from the opposing ends. 
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AMMONIA-BASED HYDROGEN GENERATION APPARATUS 

AND METHOD FOR USING SAME 
Government Rights 

This invention was made under contract with the United States Army Research 
5 Office, under Contract No. DAAD19-01-C-0002, and the United States Government may 
have certain rights in the invention. 

1. Field of the Invention 

The present invention generally relates to the chemical arts. More particularly, the 
1 0 present invention relates to an apparatus and method for generating hydrogen gas by 
decomposing ammonia from an ammonia source. 



2. Background nt the Invention 

Hydrogen/air fuel cells (H/AFCs) have enormous potential as a replacement for 
15 batteries. Because they can operate on very energy-dense fuels, fuel cell-based power 
supplies offer high energy-to-weight ratios compared with even state-of-the-art batteries. 
Fuel cells are of particular interest to the military, where significant efforts are being made 
to reduce the weight of power supplies that soldiers must carry to support high-tech, field- 
portable equipment. There is also considerable potential for utilizing fuel cell-based power 
20 supplies for commercial applications, particularly where small size and low weight are 
desirable. 

Functionally, fuel cells generate electricity by reacting hydrogen with oxygen to 
produce water. Since oxygen can typically be obtained from the ambient atmosphere, only 
a source of hydrogen must be provided to operate a fuel cell. Merely providing compressed 
25 hydrogen is not always a viable option, because of the substantial volume that even a highly 
compressed gas occupies. Liquid hydrogen, which occupies less volume, is a cryogenic 
liquid, and a significant amount of energy is required to maintain the extremely low 
temperatures required to maintain it as a liquid. 

Several alternative approaches are available. These alternatives include 
30 hydrocarbon and methanol fuel reforming, hydrogen absorption into metal hydrides, 
hydrogen-generating chemical reactions, and ammonia decomposition. The ammonia 
decomposition reaction can be represented as follows: 

2NH 3 + ENERGY -> N 2 + 3H 2 
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Generating hydrogen from ammonia is particularly attractive because the usable 
hydrogen yield per kilogram of ammonia is relatively high, and the decomposition of 
ammonia to generate hydrogen is a well understood and relatively straightforward reaction. 
Because ammonia is readily available and relatively inexpensive, and because it offers a 

5 substantial yield of hydrogen, it is a desideratum to develop an efficient apparatus for 
processing ammonia to generate hydrogen for fuel cells and other purposes. 

To compete with battery-based power supplies, such an H/AFC apparatus needs to 
be compact and reliable. It is a further desideratum to develop a portable hydrogen supply 
with a volume less than 1 liter and a mass less than 1 kg that can produces up to 50 watts of 

1 0 electrical power, with a total energy output of 1 kWh. Commercially available metal 
hydride storage cylinders are available in 920 gm cylinders that contain the equivalent of 
100 W-h of hydrogen; thus, a total energy output of 1 kWh represents an order of magnitude 
increase in energy density over commercially available apparatuses. 

One of the challenges of utilizing ammonia to produce hydrogen for a fuel cell is 

1 5 that H/AFCs do not tolerate ammonia in the hydrogen feed gas, so the trace amounts of 
ammonia in the H2/N2 gas mixture produced by an ammonia cracker must be removed 
before the mixture is supplied to a fuel cell. Commercially available ammonia adsorbents 
(e.g. t acid-impregnated carbon) can be used for this purpose, but the required adsorbent 
mass of such materials can be prohibitively large, if the ammonia-cracking reactor does not 

20 provide high conversion efficiency. 

Employing a relatively high reaction temperature (over 850° C) reduces the amount 
of ammonia in the H2/N2 product, and the amount of adsorbent required. However, using 
such a high reaction temperature imposes significant design challenges. While the mass of 
adsorbent required is reduced, high temperature reactors must be fabricated of high 

25 temperature refractory metals, such as Inconel and molybdenum. These materials often 
require complex fabrication techniques, such as diffusion bonding, as opposed to more 
conventional brazing or laser welding techniques that can be used with more conventional 
materials, such as stainless steel or titanium. 

Furthermore, for any given design, heat loss to the ambient environment from a 

30 reactor is increased as the reactor temperature is increased. Increasing the reactor 

temperature reduces overall energy efficiency or results in an increase in the apparatus size 
and weight due to the requirement for additional insulation. 
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Furthermore, the hydrogen generation reactor employs a catalyst. Catalysts have a 
minimum temperature, referred to as the light-off temperature, at which the catalyst 
facilitates the ammonia decomposition reaction, and a maximum operating temperature, 
which is generally a function of the catalyst and its support matrix, if any. Catalytic 

5 materials are often dispersed in a support matrix. For example, it is very common to 
distribute catalytic material on an alumina support Such supports have a maximum 
allowed operating temperature. For example, in excess of 850° C, an alumina support can 
become sintered, (i.e., the alumina support components begin to fuse together). At that 
point, the efficiency of the catalyst drops dramatically. Consequently, temperatures in 

1 0 excess of 850° C are incompatible with many types of potential catalysts, particularly 
supported catalysts. 

By lowering the reactor temperature and accepting an increase in the levels of 
residual ammonia in the H2/N2 product, the design constraints on the apparatus are reduced. 
Conventional materials and fabrication techniques can be employed and a greater variety of 

15 catalysts and catalyst supports can be used. However, in prior art designs, a relatively large 
volume of adsorbent is required to remove the residual ammonia, significantly increasing 
the mass of the low temperature hydrogen generating apparatus. 

Because creating a compact hydrogen generating apparatus is critical to increasing 
the utilization of fuel cell technology, decreasing the mass of adsorbent required to enable a 

20 relatively low reactor temperature apparatus to be used is critical to minimizing the size of 
such a compact apparatus. For example, in the target apparatus capable of producing 50 
Watts power and 1 kWh of energy, and having a mass of 1 kg, if the ammonia reactor runs 
at a 99.0% conversion, a total of 3.33 g of ammonia must be removed from the H2/N2 gas 
mixture exiting the reactor. Commercially available ammonia adsorbents may collect only 

25 up to about 1 % by weight of ammonia (given a relatively low concentration of ammonia in 
a gas stream) in the presence of traces of water (ppm levels) that is typically present in 
commercial grade ammonia, so about 333 g of adsorbent would be required for an 
ammonia-cracking reactor running at 99.0% conversion efficiency. Thus, the adsorbent 
mass alone represents one-third of the target mass, leaving too little mass available for the 

30 other elements of the hydrogen generation apparatus. Consequently, it is also a desideratum 
to develop an ammonia-based hydrogen generation apparatus that operates at temperatures 
less than 850° C. 



WO 02/071451 



PCT/US02/06767 



A further challenge in providing a compact ammonia-based hydrogen generating 
apparatus for use with fuel cells and other applications is in selecting a reactor that achieves 
the desired compactness. One factor to be considered when evaluating a reactor is the 
residence time required to achieve desired conversion efficiency. Longer residence times 
5 require a larger reactor volume. To achieve a compact ammonia-based hydrogen generating 
apparatus, very short residence times are required to enable very small volume reactors to 
be employed. As the size of the reactor increases, so will its weight. 

Conventional, large-scale hydrogen generation reactors often use packed-beds in 
which ammonia is passed through a heated vessel containing millimeter-sized pellets of 

10 catalyst materials. In many cases, the actual reaction rate in these reactors is considerably 
slower than the theoretically possible reaction rate (ie., the rate expected based upon the 
intrinsic reaction kinetics) because of heat- and mass-transfer resistances. Therefore, it is 
also a desideratum to provide a reactor whose dimensions favor rapid heat and mass 
transfer, and short residence times. 

1 5 Clearly it would be desirable to provide a compact ammonia-based hydrogen 

generating apparatus for use with fuel cells and other applications that operates at a 
relatively low temperature (£e., from about 550° C to about 650° C), yet which does not 
require a significant volume of adsorbent to be employed to remove residual ammonia from 
the H2/N2 product, and which avoids the use of a packed bed reactor. The present invention 

20 satisfies these and other needs, and provides further related advantages. 

Summary of the Invention 

Now in accordance with this invention there has been found a compact ammonia- 
25 based hydrogen generation apparatus for use with fuel cells and other applications. The 
hydrogen generation apparatus operates at a relatively low temperature, preferably from 
about 550° C to about 650° C, more preferably from about 550° C to about 580° C, yet 
which does not require a significant volume of adsorbent to be employed to remove residual 
ammonia. Furthermore, in preferred embodiments, the hydrogen generation apparatus does 
30 not employ a packed bed reactor. 

In some embodiments, the hydrogen generation apparatus employs a thermocatalytic 
reactor that has a reaction chamber in a heat exchange relationship with a combustion 
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chamber. In preferred embodiments, the reactor is formed of a top plate, a bottom plate, 
and a reactor core disposed between the top and bottom plates. The reactor core has a 
reaction surface and a combustion surface, each surface having a raised periphery defining 
opposing ends and opposing sides. The reaction surface and the top plate together define a 
5 reaction chamber and the combustion surface and the bottom plate together define a 
combustion chamber. 

In addition, the reaction core has a first set of a plurality of spaced apart, radiating 
fins extending from the reaction surface and a second set of a plurality of spaced apart, 
radiating fins extending from the combustion surface. In some embodiments, at least one 

1 0 set of fins has a thickness of about 0.5 mm, a height of about 2 mm, and a length of about 
SO mm and the spacing between adjacent fins is about 1 mm. 

The first set of fins define a plurality of combustion channels, while the second set 
of fins define a plurality of reaction channels running parallel to the opposing sides and is 
spaced apart from the opposing ends. In some embodiments, the flow paths created by at 

15 least one of the sets of channels are straight. In alternative embodiments, the flow paths 
created by at least one of the sets of channels are zigzagged And in some embodiments, a 
combustion catalyst, such as a platinum combustion catalyst, is disposed in the combustion 
chamber between the second end of the first set of fins. 

It is an advantage of the invention that the reactor can be fabricated from a 

20 nonrefactory metal, such as titanium or stainless steel. It is another advantage of the 
invention that the reaction can be loaded with an ammonium decomposition catalyst having 
a light-off temperature below 600° C. Preferred catalysts include catalysts containing 
ruthenium or nickel. In some embodiments, the catalyst is packed in the reaction channels, 
while in alternative embodiments, the catalyst is coated on the internal surface of the flow 

25 channels in the reaction chamber. 

In addition to the thermocatalytic reactor, the inventive hydrogen generation 
apparatus includes an ammonia supply, an ammonia supply line for transporting ammonia 
from the ammonia supply to the reactor, a reaction product supply line for transporting 
hydrogen from the reaction chamber, and a heat source operationally connected to the 

30 reactor. In some embodiments, one of the ammonia supply lines and the reaction product 
supply line enters the reactor core from the first opposing end and extends, parallel to the 
second set of fins, into the reactor core ending at a point adjacent the opposite end of the 
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reactor, while the other terminates at the first opposing end. And in some embodiments, at 
least a portion of the reaction product supply line that is located outside of the reaction 
chamber is coaxially disposed outside of the ammonia supply line. 

In some embodiments, the heat source is an ammonia combustor fluidly connected 
5 to the ammonia supply. In alternative embodiments, the heat source is an electrical heater, 
such as a battery or a fuel cell. 

In another alternative embodiment, the heat source is a hydrocarbon combustor. In 
these embodiments, a combustion fluid supply line fluidly provides a combustible 
hydrocarbon, preferably butane, from a hydrocarbon supply to the combustion chamber and 

10 an exhaust line removes the combustion by-products from the combustion chamber. And in 
some of these embodiments, one of the combustion fluid line or the exhaust line enters the 
reactor core from the first opposing end and extends, parallel to the first set of fins, into the 
reactor core ending at a point adjacent the opposite end of the reactor, while the other 
terminates at the first opposing end. 

IS In some embodiments, the hydrogen generation apparatus additionally includes an 

adsorbent supply connected to the reaction product supply line for removing residual 
ammonia from the hydrogen reaction product In preferred embodiments, the adsorbent is 
an acid impregnated carbon adsorbent, more preferably an acid impregnated carbon 
adsorbent having from 2 millimoles of strong acid adsorption sites per gram of carbon to 

20 5 millimoles of strong acid adsorption sites per gram of carbon. 

Also in some embodiments, the ammonia supply line is made of a heat conducting 
material and passes through the adsorbent supply. And some embodiments include a 
second adsorbent supply connected to the reaction product supply line for removing residual 
ammonia from the hydrogen, along with a first valve for selectively directing ammonia 

25 from the ammonia supply to either the first or the second adsorbent supply and a second 
valve for selectively directing reaction products to either the first or the second adsorbent 
supply. 

In some embodiments, the hydrocarbon generation apparatus includes a heat 
exchanger, preferably a counter flow heat exchanger, interposed in the hydrogen fluid line 
30 between the reactor and the adsorbent supply. In these embodiments, the ammonia supply 
line is made of a heat conductive material and passes through the heat exchanger. In 
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preferred embodiments, the heat exchanger is disposed in the combustion by-products 
exhaust line between the reactor and the adsorbent supply. 

In accordance with the invention there has also been found a method for generating 
hydrogen. The method involves introducing the ammonia to the thermocatalytic hydrogen 
5 generation reactor, supplying heat to the thermocatalytic hydrogen generation apparatus, 
and then heating the ammonia in the reactor to a temperature of less than 850° C, preferably 
to a temperature between 550° and 650°, for a time sufficient to decompose the ammonia 
into hydrogen and nitrogen, and then removing the hydrogen-containing reaction product 
from the reactor. 

10 In some embodiments, the ammonia is preheated, before the ammonia is introduced 

into the reactor. And in some embodiments, the reaction product contains residual ammonia 
and residual ammonia is removed by passing the reaction product through an adsorbent 
supply. 

1 S Brief Description of the Drawings 

The foregoing aspects and many of the attendant advantages of this invention will 
become more readily appreciated as the same becomes better understood by reference to the 
following detailed description, when taken in conjunction with the accompanying drawings, 
20 wherein: 

FIG. 1 is a block diagram illustrating the primary components used in the 
ammonia-based hydrogen generation apparatus of the present invention; 

FIG. 2 is an isometric view of a preferred embodiment of an ammonia-based 
hydrogen generation apparatus of the present invention; 
25 FIG. 3 is an exploded view of a hydrogen generation reactor in accordance with the 

present invention; 

FIG. 4 is an exploded front elevational view of the reactor of FIG. 3, with interior 
details shown in phantom; 

FIG. 5 is a top plan view of the reactor core section of the reactor of FIG. 3; 
30 FIG. 6 is a bottom plan view of the reactor core section of the reactor of FIG. 3; 

FIG. 7 is a top plan view of the reactor of FIG. 3; 
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FIG. 8A is a cross-sectional view of the reactor of FIG. 3, taken along section 
lines A-A of FIG. 7; 

FIG. 8B is a cross-sectional view of the reactor of FIG. 3, taken along section 
lines B-B of FIG. 7; 

5 FIG. 9 is a top plan view of a reactor showing a first catalyst embodiment; 

FIG. 1 0 is a top plan view of a reactor core section showing a second catalyst 
embodiment; 

FIG. 1 1 is a cross-sectional view of the reactor of FIG. 9, taken along section 
lines C-C of FIG. 9; 

1 0 FIG. 1 2 is a block diagram illustrating the primary components used in an 

alternative embodiment of an ammonia-based hydrogen generation apparatus; and 
FIG. 13 is a block diagram illustrating the primary components of another 
alternative embodiment of an ammonia-based hydrogen generation apparatus. 

1 s Detailed Description of the Preferred Embodiment 

-Particular embodiments of the invention are described below in considerable detail 
for the purpose of illustrating its principles and operation. However, various modifications 
may be made, and the scope of the invention is not limited to the exemplary embodiments 

20 described below. 

An exemplary ammonia-based hydrogen generation apparatus 10 shown in FIG. 1 
includes an ammonia supply 12, an adsorbent supply 14, a heat exchanger 16, an 
ammonium dissociation reactor 1 8 containing a catalyst 86 (FIGS. 9 and 1 0), and a heat 
source 20. The embodiment shown in 1 also includes a fuel cell 22. However, fuel cell 22 

25 is not a required component of an ammonia-based hydrogen generation apparatus. 

The ammonia supply 12 is a pressure vessel containing liquefied ammonia. Those 
of ordinary skill in the art will appreciate that such pressure vessels are commonly 
employed and readily available. The ammonia can be liquefied by compression 
(114 pounds per square inch) and/or by cooling to about -33° C. The ammonia 

30 supply provides a sufficient quantity of liquid ammonia to ensure that performance goals are 
achieved over the intended period of operation between replenishment of the ammonia 
supply. 
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Heat source 20 provides sufficient thermal energy to bring reactor 1 8 up to the 
temperature required to support the reaction. The amount of heat required is a function of 
the volume of ammonia, the size of the reactor, and the specific catalyst that is employed. 
Any suitable heat source can be employed. For example, heat can be provided electrically, 
5 by combustion of a fuel external to the reactor, or by combustion of a fraction of the 
ammonia inside the reactor (i.e., by auto thermal heating). 

In one preferred embodiment, the heat source 20 is a hydrocarbon-based combustor 
that generates thermal energy by combustion of a hydrocarbon gas provided from a 
hydrocarbon fuel supply 26. In a preferred hydrogen generation apparatus, the hydrocarbon 

10 fuel is butane. 

Alternatively, the reactor 1 8 can be electrically heated, in which case the heat 
source 20 comprises an electric heater, energized initially by an optional battery 24. Once 
the reactor is generating hydrogen, the fuel cell 22 can be used to provide the electrical 
energy needed to further energize the heat source 20. However, this approach imposes a 

1 5 significant electrical power burden on the fuel cell. For a 50-watt H/AFC, roughly 40% of 
the fuel cell output power must be returned to the reactor to maintain a constant reactor 
temperature. Thus, a user will only be provided a net 30 W of power from the 50 W fuel 
cell, because some of the electrical energy provided by fuel cell 22 is used to generate the 
hydrogen fuel in the fuel cell. For extremely compact ammonia-based hydrogen generation 

20 apparatuses, electric heat is not preferred, because the required battery adds an excessive 
additional mass and weight to the hydrogen generation apparatus. 

For embodiments of the present invention that are not limited by the available 
ammonia supply, autothennal heating can be employed to provide the heat necessary to 
drive hydrogen generation. In such embodiments, the heat source 20 comprises an 

25 ammonia combustor in which ammonia from the ammonia supply 12 is combusted to 
provide the thermal energy to the reactor 1 8. 

Autothennal heating requires that the reactor and catalyst must be pre-heated to 
achieve a temperature required to sustain the auto thermal reaction (the light off temperature 
of the catalyst being employed). Such pre-heating can be achieved by using a relatively 

30 small hydrocarbon fuel supply, a relatively small battery, or enabling the air/ammonia ratio 
to be van d, i.e. , in a start up phase, more air is provided to support normal amm nia 
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combustion. Once the catalyst and reactor are heated above the light off temperature of the 
catalyst, the amount of air being provided is reduced, and auto thermal heating is enabled. 

While such an embodiment reduces the need for an additional hydrocarbon fuel 
supply or a battery, ammonia which could be disassociated into hydrogen is instead used in 
5 the combustion process to provide energy to drive the desired reaction. Thus, in such an 
embodiment, an additional volume of ammonia must be provided to supply the required 
thermal energy. Furthermore, a method (such as an adsorbent bed) to clean-up trace 
ammonia leaving the combustor must also be incorporated. 

From the perspective of total apparatus mass, fuel combustion is superior to electric 

1 0 heating. Hydrocarbon fuels have an energy density nearly one hundred times that of 

conventional alkaline batteries. The energy density of ammonia is only about half that of 
hydrocarbon fuel. If heat is provided by combustion of a fuel, significantly more fuel mass 
is required when ammonia is burned as compared to a hydrocarbon such as butane. 

The weight savings of using hydrocarbon fuel are partially offset by the requirement 

IS for a separate hydrocarbon fuel tank. However, the vapor pressure of butane fuel is 
relatively low so a very lightweight tank can be safely used. In addition to the weight 
savings of using butane rather than ammonia, butane is preferred because butane/air flames 
are easy to ignite and control. Thus, in embodiments in which compactness is critical, 
combustion of butane represents a preferred method of the heating reactor 18. 

20 FIGS. 3-6 illustrate one embodiment of a reactor of especial use in a miniaturized 

hydrogen generation apparatus. The reactor is 2 cm wide, 7 cm long, 1 cm high, and has a 
reactor volume (the volume of reaction chamber) of about 3 cm 3 . However, the reactor can 
be scaled up to a larger size capable of generating hydrogen for larger ammonia-based 
hydrogen generation apparatuses. Similarly, the reactor can be employed in apparatuses 

25 using larger ammonia and fuel supplies, to achieve an ammonia-based hydrogen generation 
apparatus that can provide modest volumes of hydrogen to a fuel cell for extended periods 
of time. Such a apparatus is useful in remote applications, such as marine buoys. It is an 
advantage of the reactor that it is operated at temperatures less than 850° C, preferably at 
temperatures between 550° and 650°, and more preferably at temperatures between 550° and 

30 580°. Consequently, the reactor can be fabricated from a variety of nonrefactory metals, 
such as metal alloys, having good thermal conductivity. Representative metals include 
titanium and stainless steel. 
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The reactor 60 includes a top plate 62, a bottom plate 66, and a reactor core 64, 
disposed between the top and bottom plates. The reactor core includes a reaction 
surface 64a, and a combustion surface 64b, both surfaces having a raised periphery defining 
opposing ends 61a and 61b and opposing sides 63a and 63b. The reaction surface and the 
5 top plate together define a reaction chamber, while the combustion surface and the bottom 
plate together define a combustion chamber. The top plate, the bottom plate, the reactor 
core are attached to one another by any suitable method, such as brazing or laser welding. 
In preferred embodiments, the reactor 1 8 is surrounded by an insulating elements, to 
minimize heat loss to the ambient environment 

10 A plurality of spaced apart, substantially straight radiating fins 76a extend upwardly 

from a center of the reactor core 64 on the reaction surface 64a, while a plurality of spaced 
apart, substantially straight radiating fins 76b depend downwardly on the combustion 
surface 64b. Preferably the fins have a thickness of about 0.5 mm, a height of about 2 mm 
and a length of about 50 mm. The spacing between the adjacent fins is preferably about 

15 1 mm. The fins define a plurality of combustion channels 69 and a plurality of reaction 
channels 71 running parallel to the opposing sides 63a and 63b and spaced apart from 
opposing ends 61a and 61b. 

Butane enters the combustion chamber via a combustion fluid line 68 in fluid 
communication with the combustion chamber and is distributed throughout the combustion 

20 channels 69. The combustion products exit through an exhaust fluid line 70. Air must be 
provided along with the butane fuel to support combustion of the butane. Preferably, the air 
is premixed with the butane before the butane enters the combustion chamber. In a 
preferred embodiment, a venturi (not separately shown) integral with valve 52 mixes 
ambient air with butane from butane supply 50 (see FIG. 2). Alternatively, a separate air 

25 pump can be included, to supply air through an air line (not shown) that merges with butane 
fluid line prior to where it enters the combustion chamber. 

In some embodiments, the air/butane mixture is preheated using waste heat from the 
hot combustion product gases before the air/butane mixture is introduced into the 
combustion chamber. For example, a tube-in-tube heat exchanger (not shown), in which the 

30 butane/air supply line is disposed within the exhaust fluid line can be employed to raise the 
temperature of the butane/air mixture prior to its combustion. However, care must be tak n 
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to prevent excessive preheating, as the auto-ignition temperature (i.<?., the temperature at 
which the air/butane mixture will combust without requiring a spark for ignition) is 430° C. 

As best seen in FIG. 6, the combustion fluid line 68 enters the reactor core 64 from 
the first opposing end 61a and extends, parallel to the fins 76b, into the reactor core up to a 

5 point adjacent the opposite end of the reactor core 61b. The fins are not disposed 

immediately adjacent to the combustion fluid line, enabling the combustion fluid line to 
traverse the reactor core, so that the butane enters the combustion chamber at a different 
point than where combustion products exit the chamber, thus ensuring that the butane is free 
to traverse the length of the combustion chamber. This arrangement nunimizes the 

10 likelihood that uncombusted butane exits the reactor, and maximizes the length of time that 
hot combustion gases are exchanging thermal energy with the fins. 

In the embodiment shown in FIGS. 3-6, upon exiting the combustion fluid line 68, 
the butane contacts a platinum gauze catalyst 78, disposed in the combustion chamber 
between the second end 61b, the fins 76b and the end of the combustion fluid line. 

15 Typically, the gauze has a mesh of from about 20 to about 80, with a mesh of about 52 mesh 
being preferred. 

The butane is then combusted. The platinum catalyzed combustion occurring at 
platinum gauze 78 generates hot combustion gases that are directed along the combustion 
channels 69 toward the exhaust fluid line 70 at the opposite end of the combustion chamber. 

20 During the time required for the hot gases to reach the exhaust fluid line, fins 76b absorb a 
significant amount of thermal energy, which is then transferred to fins 76a in the reaction 
side portion of reactor core 64. Heat from the combustion side 64b is absorbed by the 
fins 76b, which are in a heat exchange relationship with the corresponding fins 76a. The 
heat transferred by these fins ensures that ammonia is sufficiently heated so the desired 

25 disassociation reaction occurs. The channeled flow path created by the fins also decreases 
the pressure drop across the combustor and permits the use of lightweight air blowers to 

supply air for combustion. 

Combustion by-products exit the combustion chamber via an exhaust fluid line 70. 
By utilizing the catalyst and the fins 76a and 76b, greater than 90% of the available 
30 combustion energy can be extracted from combustion of the butane and transferred to the 
reaction chamber. 
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Ammonia flows into the reaction chamber via an ammonia supply line 72, and the 
thermal energy provided by the combustion of butane causes the ammonia to disassociate 
into hydrogen and nitrogen. The hydrogen and nitrogen thus produced exit the reactor via a 
reaction product supply line 74. 

5 The flow paths of the ammonia entering reaction chamber and the hydrogen/nitrogen 

product exiting the reaction chamber are shown in FIG. 5. The ammonia supply line 72 
enters the reactor core 64 from the first opposing end 61 a and extends, parallel to the 
fins 76a, into the reactor core up to a point adjacent the opposite end of the reactor core 61b. 
As best seen in FIG. 4, the fins are not disposed immediately adjacent to the ammonia 

1 0 supply line or the reaction product supply line 74, enabling the ammonia supply line to 
traverse the reactor core, so that the ammonia enters the reaction chamber at a different 
point than where the hydrogen/nitrogen product exits the chamber. By disposing the outlet 
of the ammonia supply line on the opposite side of the reactor core from the reaction 
product supply line, the ammonia must traverse the length of the reaction chamber before it 

1 5 can exit the reactor core. This configuration ensures sufficient residence time for all but a 
trace of the ammonia to be disassociated into the desired hydrogen/nitrogen product 

In the embodiment shown in FIGS. 3-6, at least a portion of the reaction product 
fluid located outside of the reaction chamber line 74 is coaxially disposed outside of the 
ammonia supply line 72, creating a counter-flow heat exchange relationship between the 

20 reaction product supply line and the ammonia supply line. The hot hydrogen and nitrogen 
product exiting the reactor via the reaction product supply line heats the relatively cool 
ammonia flowing through the ammonia supply line. By adding thermal energy to the 
ammonia before the ammonia enters the reaction chamber, less thermal energy is required 
from combustion of the butane on the combustion side of reactor core 64. 

25 FIGS. 7, 8A, and 8B illustrate the assembled reactor 60. Shown are the butane fluid 

line 68, the exhaust fluid line 70, the ammonia supply line 72, the hydrogen fluid line 74, 
the fins 76a and 76b, and the platinum gauze 78 catalyst. 

The reactor is loaded with any suitable ammonium decomposition catalyst. The 
particular catalyst used is selected based on the operating temperature of the reactor. In a 

30 preferred embodiment, the apparatus operates at temperatures of from about 550° C to about 
650° C, most preferably from about 550° C to about 580° C. These temperatures enables 
standard construction materials to be used in fabricating the reactor. While higher 
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temperature reactors are slightly more efficient in converting ammonium into hydrogen and 
nitrogen, such reactors, which operate at temperatures in excess of 850* C, must be 
fabricated of exotic materials, such as refractory metals. 

Different types of catalysts are available for this purpose, and the characteristics of 
specific catalysts (and any required catalyst support, such as alumina) affect the design of 
the reactor. Preferably, the catalyst has a light-off temperature of below 600° C, and an 
optimum operating temperature of less than 650° C. While such temperature conditions 
result in a conversion efficiency that is lower than can be obtained by catalysts that operate 
at higher temperatures, the lower preferred temperature conditions noted above enable 
standard materials, such as titanium and stainless steel to be employed in fabricating the 
reactor 18. 

Specific catalysts also have characteristic activities, which influence the size of the 
reactor. For example, for a given volume, different catalysts will require different flow 
rates to achieve the same conversion efficiency. Similarly, for a given flow rate, different 
catalysts will require different reactor volumes to achieve the same conversion efficiency. 
Thus, the catalyst selected will influence optimal temperature conditions, flow rates, and 
reactor volumes. Preferred catalysts include ruthenium-based catalysts, often provided as 
ruthenium dispersed in an aluminum oxide support matrix, such as Type 146, available from 
Johnson Matthey. However, because the reactor operates at temperature is less than 650° C, 
other very high surface area catalyst support matrices, such as gamma alumina and 
nanophase titania can be employed. Therefore, it is an advantage of the invention, that 
ruthenium catalysts dispersed in either a gamma alumina or nanophase titania matrix can be 
used. 

If autothermal heating is employed, then some oxygen needs to be included with the 
ammonia to support the combustion. Oxygen negatively affects certain catalysts, e.g., 
ruthenium-based catalysts. Accordingly, for apparatuses employing autothermal heating, a 
catalyst more resistant to oxidation may be required. In addition, since ammonia and the 
water produced by combustion form a corrosive mixture, corrosion resistant materials 
should be used, instead of stainless steel. 

Moreover, when assembling reactors containing oxygen-sensitive catalysts (i.e., by 
brazing the top cover to the reactor core) it may be beneficial to provide a reducing 
atmosphere in order to prevent the catalysts from oxidizing. 
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Nickel-based catalysts, such as Katalco 27-7™, available from ICI/Katalco of the 
UK) are also preferred catalysts. However, the nickel catalyst requires a longer residence 
time than the ruthenium catalyst to achieve similar conversion efficiency. The ruthenium 
catalyst has a residence time that is approximately one-tenth that of the nickel catalyst. 

5 Other suitable catalysts include iron oxide, rhodium, and rhenium catalysts. 

Due to the efficiency of carbon-based adsorbents in removing residual ammonia 
from a hydrogen/nitrogen mixture, reactor 18 preferably converts at least 99.9% of the 
ammonia into hydrogen and nitrogen, so that the reaction product includes less than 
1000 ppm of residual ammonia. 

10 In the embodiment shown in FIG. 1, after exiting the reactor 18, the hot nitrogen and 

hydrogen mixture, flow into the heat exchanger 16, where the much cooler ammonia 
(flowing from ammonia supply 12 to reactor 18 through ammonia supply line 15) absorbs 
thermal energy from the hotter nitrogen and hydrogen exiting the reactor. Preferably, a 
counter-flow-type heat exchanger is employed, and in one embodiment, the heat exchanger 

15 comprises a tube-in-tube type. In preferred embodiments, the heat exchanger is surrounded 
by an insulating element, to minimize heat loss to the ambient environment. 

The purpose behind providing a heat exchange relationship between the ammonia 
flowing from ammonia supply 12 to reactor 1 8 and the adsorbent contained within 
adsorbent supply 14 is two-fold. First, preheating the ammonia, before it enters the reactor 

20 is important in enabling an energy efficient hydrogen generation apparatus. Without the 
heat exchanger, a significant amount of energy would be lost by not recovering the energy 
from the hot hydrogen/nitrogen mixture exiting the reactor. Such a heat loss would require 
the consumption of more fuel to heat the reactor, thus increasing the apparatus's size, 
weight, and operational costs. Second, cooling the hydrogen/nitrogen mixture before it 

25 enters the adsorbent supply increases the effectiveness of the adsorbent by minimizing or 
eliminating the adsorbent's accumulation of thermal energy from the hydrogen/nitrogen 
mixture. Preferably, heat exchanger 1 6 reduces the temperature of the hydrogen/nitrogen 
product to below about 80° C, and even more preferably, to near ambient temperature. 

The cooled hydrogen/nitrogen product exits the heat exchanger 16 and flows into the 

30 adsorbent supply 14, where the adsorbent adsorbs any residual ammonia contained within 
the hydrogen and nitrogen exiting reactor 1 8. A sufficient am unt of adsorbent is supplied 
to ensure that performance goals are achieved over the intended period of operation between 
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replenishment of the adsorbent. Preferably, the adsorbent within the adsorbent supply 
removes substantially all (leaving less than 1 ppm) of the residual ammonia from the 
hydrogen/nitrogen product 

Preferred adsorbents include carbon and modified carbon adsorbents. Most 
preferred adsorbents include carbon whose surface has been impregnated to include bound 
acid molecules. The acid thus bound neutralizes the residual ammonia. At a minimum, the 
most preferred adsorbent has 2 millimoles of strong acid adsorption sites per gram of 
carbon, and the most preferred adsorbent can have up to 5 mUlimoles per gram of carbon. 

Liquid ammonia passes through adsorbent supply 14 via the ammonia supply 
line 15. The ammonia supply line passes through the adsorbent, such that an exchange of 
thermal energy occurs between the ammonia flowing within the ammonia supply line and 
the adsorbent. The ammonia is not filtered by the adsorbent, as the ammonia remains in the 
fluid line and does not come in contact with the adsorbent 

While in the adsorbent supply 14, at least a portion of the liquid ammonia returns to 
its gaseous state and absorbs substantial amounts of heat from the surrounding adsorbent 
(/.«., one gram of ammonia absorbs 327 calories of heat). In this manner, the ammonia from 
the ammonia supply cools the adsorbent contained within the adsorbent supply, thus 
maintaining the efficiency of the temperature-sensitive adsorbents. Upon exiting the 
adsorbent supply, ammonia supply line 15 is coupled in fluid communication with heat 
exchanger 16, so that the hot hydrogen and nitrogen gas exiting the reactor 1 8 exchanges 
thermal energy with the much cooler ammonia gas, cooling the hydrogen/nitrogen gas 
mixture and increasing the temperature of the ammonia. 

The functional elements of hydrogen generation apparatus 10 discussed in FIG. 1 are 
assembled into a preferred compact embodiment shown in FIG. 2. Preferably, miniature 
hydrogen generation apparatus 30 is less than 1 liter in volume, less than 1 kg in mass, and 
provides sufficient hydrogen fuel to generate up to 50 Watts of electrical power, with a total 

energy output of 1 kWh. 

A pressure regulator 32 is attached to a liquid ammonia supply 36. In order to 
niinimize the weight of the ammonia supply, a lightweight yet strong material, such as a 
titanium alloy is used. To provide storage for 333 g of ammonia, the ammonia supply is 
approximately 600 ml in volume. The mass of a titanium based vessel 600 ml in volume is 
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approximately 84 g. Thus, the ammonia and supply tank accounts for 417 g of the target 
mass of 1000 g. 

An ammonia supply line 40 is attached to a fluid fitting 38a on the pressure 
regulator 32, and a fluid fitting 38b is attached to an adsorbent canister 42. Liquefied 
ammonia flows into an adsorbent canister 42 containing approximately 30 g adsorbent, 
cooling the adsorbent contained therein. The hot hydrogen/nitrogen mixture exiting a 
reactor 46 is in fluid communication with the adsorbent in the adsorbent canister. The 
relatively cold ammonia absorbs some of the thermal energy of the adsorbent, heating the 
ammonia and cooling the adsorbent to ensure that the adsorbent is performing optimally. 
The mass of the adsorbent canister (without the adsorbent) is approximately 1 5 g. The mass 
of the ammonia storage tank, the ammonia itself, the adsorbent column, and the adsorbent 
portion of miniature hydrogen generation apparatus 30 is 462 g (excluding fittings and 
tubing). 

The ammonia exits the adsorbent canister 42 through a fluid fitting 38c, and flows 
15 through an ammonia supply line 40b into a heat exchanger 44. The ammonia enters the heat 
exchanger via a fluid fitting 38d. While the details of the heat exchanger are obscured by a 
housing containing both the heat exchanger and a reactor 46, the heat exchanger is a 
counter-flow heat exchanger that enables the ammonia entering the heat exchanger to 
exchange thermal energy with hot hydrogen and nitrogen gas exiting the reactor 30. 
20 Preferably, the heat exchanger is a tube-in-tube heat exchanger having a mass of 
approximately 30 g. In one embodiment, the heat exchanger is approximately 
fifteen centimeters in length. In some embodiments, a coiled tube-in-tube heat exchanger 
configuration is employed to reduce the length of the heat exchanger. 

The heat exchanger 44 further increases the temperature of the ammonia before the 
25 ammonia enters the reactor46. The pre-heated ammonia then enters reactor, where 
additional thermal energy is provided by a hydrocarbon combustor (or other heat source) 
disposed within reactor. Sufficient thermal energy is provided to bring to the reactor to and 
maintain the reactor at its operating temperature. Butane is provided in a relatively 
lightweight pressurized container 50. A pressure regulator 52 controls the flow of butane 

30 into the reactor. 

Air must be mixed with the butane fuel to support combustion. While a separate air 
pump and air lines (not shown) can be incorporated into nuniature hydrogen generation 
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apparatus 30, preferably, the pressure regulator 52 not only meters the flow of the butane 
fuel, but also mixes ambient air with the butane to provide the proper fuel/air mixture 
required for combustion to occur. Butane exits butane the container 50 via the pressure 
regulator and the fluid fitting 38i, and flows into a butane fluid line 48. The butane fluid 

5 line is in fluid communication with a fluid fitting 38e, and at that point, the butane enters 
reactor 46, where it is combusted to provide the required thermal energy. 

In some embodiments, the butane or other hydrogen gas flows through a critical 
orifice (not shown) to create a critical flow before the gas enters the reactor. A critical flow 
is achieved when the velocity of the gas in the orifice equals the speed of sound in that 

10 particular gas. Achieving a critical flow is useful, because a very nearly constant gas flow 
can be maintained, despite fluctuations in the downstream pressure, provided the upstream 
pressure is constant and the ratio of downstream pressure to upstream pressure is less than a 
"critical ratio." The critical ratio for many common gases is about 0.5, and can be estimated 
based on thermodynamic principles. Using air as an example, if the upstream pressure is 

1 5 20 PSIG (34.7 PSIA), then as long as the downstream pressure is less than about 2.7 PSIQ 
(17.4 PSIA, which is equal to 34.7 PSIA multiplied by die 0.5 critical ratio), the gas flow 
will be constant. 

Approximately 40 g of butane are required to provide sufficient heat to disassociate 
the 333 g of ammonia. The butane container 50 has a mass of approximately 30 g, while 
20 the regulator/air mixer has a mass less than 20 g. The mass of the required fitting and 

tubing is approximately 80 g. In those embodiments where the heat source is a hydrocarbon 
fuel, such as butane, the fuel entering reactor 46 must be ignited for combustion to be 
initiated, for example, with a piezoelectric igniter (not shown). The mass of such an igniter 
is approximately 20 g. 

25 Preferably, reactor 46 is fabricated from a lightweight material. Titanium is 

lightweight and can withstand the required temperatures. To minimize mass, a preferred 
insulation material used to substantially enclose the reactor is vacuum formed aerogel 
panels. The titanium reactor, including the catalyst, has a mass of approximately 50 g, and 
the housing and insulation for die heat exchanger and reactor have a mass of approximately 

30 llOg. 

The hot hydrogen and nitrog n mixture exit reactor 46 via the heat exchanger 44, 
flowing through a fluid fitting 38f into a reaction product supply line 54, which is connected 
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to the adsorbent canister 42 via a fluid fitting 38g. As the hydrogen and nitrogen gas 
mixture enters the adsorbent canister, residual ammonia is removed. Thus, ammonia-free 
hydrogen is discharged from the adsorbent canister via a fluid fitting 38h. 

The mass of the fitting and tubing is approximately 80 g, resulting in a total 

5 apparatus mass of 842 g. The masses described in conjunction with FIG. 2 are merely 
exemplary, and miniaturized hydrogen generation apparatuses, having volumes other than 
1 L and capacities of more than or less than the 50 watt/1 kWh, can be achieved by 
increasing or decreasing the size and mass of the components of miniaturized hydrogen 
generation apparatus 30. 

1 0 Table 1. Component Masses for 1 kWh Apparatus 



Component 


Mass 


Ammonia liquid 


333 g 


Ammonia storage tank 


80 g 


reactor (titanium) 


50 g 


tube-in-tube heat exchanger 


30 g 


Aerogel insulation 


lOg 


Ammonia adsorbent 


30 g 


Adsorbent bed canister 


15g 


butane canister 


30 g 


butane sufficient for 1000 W-h 


40 g 


butane combustor/igniter 


20 g 


flow control critical-flow orifice 


20 g 


Housing and support structure 


100 g 


valves and tubing 


80 g 


TOTAL 


837 g 



In the embodiment shown in FIGS. 9 and 10, a catalyst 86 is packed in the reaction 
channels. In the two alternative embodiments shown in FIG. 1 1 , the fins in the reaction 
chamber are coated with the catalyst To maximize the coated surface area, in one of the 
15 alternative embodiments, the fins 76c are not straight, but have a zigzagged or other 

nonlinear configuration. In the other alternative embodiment, th fins 76d are thinner than 
the fins shown in FIGS. 3-6, so that more fins of this thinner configuration can be disposed 
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in the same reactor volume, thereby increasing the surface area onto which the catalyst can 
be plated. It is contemplated that other configurations of fins that increase the internal 
surface area of the reactor side can alternatively be employed. It is also contemplated that a 
single style of fins or a combination of fin styles can be employed. In general, it is 
5 preferable for each portion of the reactor to have similar fin configurations, so that the flow 
paths throughout different portions of the reactor are substantially the same. 

An alternative embodiment of an apparatus in accordance with the invention is 
designed to provide modest levels of electrical power, e.g., 35 watts, for long periods of 
time, without the need for maintenance (e.g., the re-supply of ammonia or adsorbent). One 

10 specific embodiment is adapted to supply electrical power on remote marine buoys (which 
generally collect weather data or facilitate navigation). A apparatus capable of producing 
35 watts of power continuously weighs about 5 kg, plus the weight of the ammonia, the 
ammonia tank, and adsorbent A six-month supply of ammonia and adsorbent has a mass of 
about 52 kg. Longer-duration operation can be achieved by increasing the ammonia tank 

15 capacity. 

The functional elements of an ammonia-based hydrogen generation apparatus 10a 
suitable for use in marine environments are illustrated in 12. These functional elements are 
identical to the functional elements illustrated in FIG. 1, except that an air blower 92 and an 
air cleaner 90 are included. Due to the marine environment, salt water must be removed 

20 from the air entering the fuel cell. The air blower, energized by electricity provided by fuel 
cell 22, is used to force air through the air cleaner. The air cleaner removes salt and water 
from the air that will be combined with hydrogen in fuel cell 22 to generate electricity. In 
this embodiment, a startup battery 94 is used to initially energize the air blower until the 
fuel cell begins to generate electricity. At that point, the fuel cell energizes the air blower, 

25 and can also be used to recharge the startup battery 94. 

As illustrated, the heat source for ammonia-based hydrogen generation 
apparatus 10a is preferably an electric heater, initially energized by startup battery 94, and 
then later by fuel cell 22. Alternatively, heat source 20 can be a hydrocarbon combustor or 
an ammonia combustor. While hydrocarbon fuels arc more energy dense than ammonia, 

30 ammonia-based hydrogen generation apparatus 10a is optimized for operating for long 
periods of time, rather than being designed for compactness. Eliminating the hydrocarbon 
fuel supply means a reduction in maintenance requirements, since only ammonia and 
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adsorbent need to be re-supplied. Thus, for ammonia-based hydrogen generation 
apparatuses optimized to operate for long periods of time, electric heat or an ammonia 
combustor will be preferred as a heat source. The adsorbent supply 14 is charged with 2 kg 
of adsorbent, to enable ammonia-based hydrogen generation apparatus 10a to generate 
5 35 Watts of power continually for a 6-month period. 

An ammonia-based hydrogen generation apparatus 10b optimized for even more 
extended maintenance free periods of operation is shown in 13. A substantially larger 
ammonia supply 12a is included For example, a 1 50 kg ammonia supply provides enough 
ammonia for 1 8 months when used for producing sufficient hydrogen to generate 35 watts 

1 0 of continuous power. 

Rather than employing a single adsorbent supply, ammonia-based hydrogen 
generation apparatus 10b employs a pair of adsorbent supplies 14a and 14b. While 
adsorbent supply 14a is online, removing residual hydrogen from the reaction product gas, 
adsorbent supply 14b is regenerated, and vice versa. In this manner, the required mass of 

1 5 adsorbent is significantly reduced. In fact, the mass of adsorbent required is no longer a 
function of the total volume of hydrogen product being filtered, but rather a function of the 
volume of hydrogen product being processed during the time required to regenerate the 
off-line adsorbent supply. If about ten hours are required to regenerate an adsorbent supply, 
then the required size of each adsorbent supply is based on the ten-hour flow rate of the 

20 hydrogen product. Without regenerating the adsorbent, such a apparatus could operate for 
twenty hours. But, by continually regenerating the adsorbent, and cycling between 
adsorbent supplies 14a and 14b following each regeneration, the apparatus can function for 
considerably longer than, twenty hours. While after a certain number of regeneration cycles, 
the effectiveness of the adsorbent will decline; such a apparatus can operate for thousands 

25 of hours, before the adsorbent must be replaced. The ammonia that evolves during 
regeneration can be combusted to provide heat or cracked to generate hydrogen. 
Alternately, it can also be absorbed into an acidic solution. 

In operation, ammonia from the ammonia supply 12a enters a valve 98a, which is 
used to direct the ammonia to the adsorbent supply 14a or 14b, that is currently online and 

30 not being regenerated. The ammonia supply line 15 passes through the online adsorbent 

supply, cooling the adsorbent. The ammonia then passes through the heat exchanger 16 and 
into the reactor 18. Once the hydr gen/nitrogen product exits the heat exchanger, a 



WO 02/071451 



PCT/US02/06767 



-22- 



valve 98b is set to ensure that the reaction product enters the online adsorbent supply. The 
adsorbent removes ammonia from the hydrogen product so that it contains less than 1 ppm 
residual ammonia, and the substantially ammonia-free hydrogen is supplied to fuel cell 22 
to generate electrical power. 
5 Preferably, the heat source 20a is an electric heater, initially energized by a 

rechargeable startup battery 94, and then energized by a fuel cell 22, once the hydrogen 
generation has been initiated. The heat source not only provides thermal energy to 
reactor 18 to drive the ammonia decomposition reaction, but also to regenerate the offline 
adsorbent supply. 

1 0 In preferred embodiments, the adsorbent is regenerated by heating. The adsorbent is 

heated at a temperature and for a time sufficient to drive off the absorbed ammonia, which 
can be combusted to generate heat or cracked to generate hydrogen. Heat source 20a can be 
a single resistance element for both adsorbent supplies and the reactor or and separate 
electrical heaters can be supplied for each adsorbent supply and for the reactor. One 

1 5 method of increasing the thermal efficiency of the apparatus is to incorporate a heat 
exchanger (not shown) in each adsorbent supply, and to direct the hot combustion gases 
from the reactor into the heat exchanger of the offline adsorbent supply, to supply some of 
the heat necessary for regenerating the adsorbent 

Air blower 92 and air filter 90a are shown as optional elements. The carbon 

20 regeneration process can be accomplished more rapidly, or at a lower temperature, if a 
stream of clean air is passed through the adsorbent during the regeneration process. A 
valve 98c ensures the air stream is directed to the adsorbent supply being regenerated. The 
design of air filter 90a is determined by the environment in which ammonia-base hydrogen 
generation apparatus 10b is deployed. In marine environments, filter 90a should be 

25 designed to remove water and salt. For desert environments, filter 90a should remove fine 
particulates (sand and grit). 

Alternative embodiments include additional adsorbent supplies. Additional 
adsorbent supplies mean that longer regeneration cycles can be employed, without 
apparatus interruption. 

30 Although the present invention has been described in connection with the preferred 

form of practicing it, those of ordinary skill in the art will understand that many 
modifications can be made thereto without departing from the spirit f the present 
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invention. Accordingly, it is not intended that the scope of the invention in any way be 
limited by the above description. 
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What we claim is: 

1 . An ammonia-based hydrogen generation apparatus comprising: 
an ammonia supply; 

5 a thermocatalytic hydrogen generation reactor including a reaction chamber 

in a heat exchange relationship with a combustion chamber; 

an ammonia supply line for transporting ammonia from the ammonia supply 

to the reaction chamber, 

a reaction product supply line for transporting hydrogen from the reaction 

10 chamber; 

a combustion fluid supply line for transporting a combustible fluid to the 

combustion chamber, 

a combustion by-product exhaust line for transporting combustion by- 
products from the combustion chamber; and 
1 5 a heat source operationally connected to the reactor. 

2. The hydrogen generation apparatus of claim 1, wherein the hydrogen 
generation reactor includes a top plate, a bottom plate, and a reactor core disposed between 
the top and bottom plates, 

20 the reactor core having a reaction surface and a combustion surface, each 

surface having a raised periphery defining opposing ends and opposing sides, and 
the reaction core having a first set of spaced apart fins extending outwardly from the 
reaction surface and a second set of spaced fins extending outwardly from the 
combustion surface, the first set of fins defining a first plurality of combustion 

25 channels and the second set of fins defining a second plurality of reaction channels, 

each set of channels creating gas flow paths in the direction of from one of the 
opposing side to the other opposing side and spaced apart from the opposing ends; 
the reaction surface and the top plate together defining the reaction chamber and the 
combustion surface and the bottom plate together defining the combustion chamber. 

30 
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3. The hydrogen generation apparatus of claim 2 wherein at least one set of fins 
has a thickness of about 0.5 mm, a height of about 2 mm, and a length of about 50 mm and 
the spacing between adjacent fins is about 1 mm. 

5 4. The hydrogen generation apparatus of claim 2 wherein the flow paths created 

by at least one of the sets of channels are straight. 

5. The hydrogen generation apparatus of claim 2 wherein the flow paths created 
by at least one of the sets of channels are zigzagged. 

10 

6. The hydrogen generation apparatus of claim 2 wherein the reactor is 
fabricated from a nonrefectory metal. 

7. The hydrogen generation apparatus of claim 6 wherein the nonrefactory 
1 5 metal is titanium or stainless steel. 

8. The hydrogen generation apparatus of claim 2 further comprising the reactor 
chamber is loaded with an ammonium decomposition catalyst having a light-off temperature 
below 600° C. 

20 

9. The hydrogen generation apparatus of claim 8 wherein the catalyst is packed 
in the reaction channels. 

1 0. The hydrogen generation apparatus of claim 8 wherein the catalyst is coated 
25 on the internal surface of the flow channels in the reaction chamber. 

11. The hydrogen generation apparatus of claim 8 wherein the ammonium 
decomposition catalyst contains ruthenium. 

30 12. The hydrogen generation apparatus of claim 8 wherein the ammonium 

decomposition catalyst contain nickel. 
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13. The hydrogen generation apparatus of claim 2 wherein at least one of the 
ammonia supply line and the reaction product line enters the reactor core from the first 
opposing end and extends, parallel to the second set of fins, into the reactor core ending at a 
point adjacent the opposite end of the reactor and the other terminates at the first opposing 
end. 

14. 1 The hydrogen generation apparatus of claim 2 wherein at least a portion of 
the reaction product line located outside of the reaction product line is coaxially disposed 
outside of the ammonia supply line. 

15. The hydrogen generation apparatus of claim 2 further comprising a 
combustion catalyst disposed in the combustion chamber between the second end of the first 
set of fins and the end of the combustion fluid line. 

16. The hydrogen generation apparatus of claim 15 wherein the combustion 
catalyst is a platinum combustion catalyst. 

17. The hydrogen generation apparatus of claim 2 wherein the heat source is an 
ammonia combustor fluidly connected to the ammonia supply. 

18. The hydrogen generation apparatus of claim 2 wherein the ammonia supply 
supplies ammonia to the ammonia combustor. 

19. The hydrogen generation apparatus of claim 2 wherein the heat source is a 
hydrocarbon combustor. 

20. The hydrogen generation apparatus of claim 2 wherein the combustion fluid 
line enters the reactor core from the first opposing end and extends, parallel to the first set 
of fins, into the reactor core ending at a point adjacent the opposite end of the reactor. 

21. The hydrogen generation apparatus of claim 2 wherein the hydrocarbon 
supply is a butane supply. 
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22. The hydrogen generation apparatus of claim 2 further comprising a first 
adsorbent supply connected to the reaction product supply line for removing residual 
ammonia from the hydrogen. 

5 23. The hydrogen generation apparatus of claim 2 wherein the ammonia supply 

line is made of a heat conducting material and passes through the adsorbent supply. 

24. The hydrogen generation apparatus of claim 2 wherein the adsorbent is an 
acid impregnated carbon adsorbent. 

10 

25. The hydrogen generation apparatus of claim 24 wherein the adsorbent has 
from 2 millimoles of strong acid adsorption sites per gram of carbon to 5 millimoles of 
strong acid adsorption sites per gram of carbon. 

15 26. The hydrogen generation apparatus of claim 22 further comprising a second 

adsorbent supply connected to the reaction product supply line for removing residual 
ammonia from the hydrogen, a first valve for selectively directing ammonia from the 
ammonia supply to either the first or the second adsorbent supply and a second valve for 
selectively directing reaction products to either the first or the second adsorbent supply. 

20 

27. The hydrocarbon generation apparatus of claim 2 further comprising a heat 
exchanger operably connected to the combustion by-products exhaust line and to the 
ammonia supply line. 

25 28. The hydrogen generation apparatus of claim 27 wherein the heat exchanger 

is disposed in the combustion by-products exhaust line between the reactor and the 
adsorbent supply. 

29. The hydrogen generation apparatus of claim 2 further comprising a fuel cell 
30 fluidly connected to the reaction product supply line. 



30. An ammonia-based hydrogen generation apparatus comprising: 
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an ammonia supply; 

a thermocatalytic hydrogen generation reactor including a top plate, a bottom 
plate, and a reactor core disposed between the top and bottom plates, 

the reactor core having a reaction surface and a combustion surface, each 
5 surface having a raised periphery defining opposing ends and opposing sides, and 

the reaction core having a first set of spaced apart fins extending outwardly from the 
reaction surface and a second set of spaced fins extending outwardly from the 
combustion surface, the first set of fins defining a first plurality of combustion 
channels and the second set of fins defining a second plurality of reaction channels, 
10 each set of channels creating gas flow paths in the direction of from one of the 

opposing side to the other opposing side and spaced apart from the opposing ends, 

the reaction surface and the top plate together defining a reaction chamber 
and the combustion surface and the bottom plate together defining a combustion 
chamber; 

1 5 an ammonium decomposition catalyst having a light-off temperature below 

600° C loaded in the reactor chamber, 

a platinum combustion catalyst disposed in the combustion chamber between 
the second end of the first set of fins and the end of the combustion fluid line; 

an ammonia supply line for transporting ammonia from the ammonia supply 

20 to the reaction chamber; 

a reaction product supply line for transporting hydrogen from the reaction 

chamber, 

a combustion fluid supply line for transporting a combustible fluid to the 
combustion chamber, 

25 a combustion by-product exhaust line for transporting combustion by- 

products from the combustion chamber; and 

a hydrocarbon combustor connected to the reactor; 

an acid impregnated carbon adsorbent supply connected to the reaction 
product supply line for removing residual ammonia from the hydrogen, the acid 
30 impregnated carbon having from 2 millimoles of strong acid adsorption sites per gram of 
carbon to 5 millimoles of strong acid adsorption sites per gram of carbon, the ammonia 



WO 02/071451 PCT/US02/06767 

-29- 



supply line being made of a heat conducting material, and the ammonia supply line passing 
through the adsorbent supply; 

a heat exchanger operably connected to the combustion by-products exhaust 
line, between the reactor and the adsorbent supply and to the ammonia supply line; and 
5 a fuel cell fluidly connected to the reaction product supply line. 

31. The hydrogen generation apparatus of claim 30 wherein the flow paths 
created by at least one of the sets of channels are straight 

10 32. The hydrogen generation apparatus of claim 30 wherein the flow paths 

created by at least one of the sets of channels are zigzagged. 

33. The hydrogen generation apparatus of claim 30 wherein the catalyst is 
packed in the reaction channels. 

15 

34. The hydrogen generation apparatus of claim 30 wherein the catalyst is coated 
on the internal surface of the flow channels in the reaction chamber. 

35. The hydrogen generation apparatus of claim 30 wherein the ammonium 
20 decomposition catalyst contains ruthenium. 

36. The hydrogen generation apparatus of claim 30 wherein the ammonium 
decomposition catalyst contain nickel. 

25 37. The hydrogen generation apparatus of claim 30 wherein at least one of the 

ammonia supply line and the reaction product line enters the reactor core from the first 
opposing end and extends, parallel to the second set of fins, into the reactor core ending at a 
point adjacent the opposite end of the reactor and the other terminates at the first opposing 
end. 

30 
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38. The hydrogen generation apparatus of claim 30 wherein the combustion fluid 
line enters the reactor core from the first opposing end and extends, parallel to the first set 
of fins, into the reactor core ending at a point adjacent the opposite end of the reactor. 

S 39. An ammonia-based hydrogen generation apparatus comprising: 

an ammonia supply; 

a thermocatalytic hydrogen generation reactor; 

an ammonia supply line for transporting ammonia from the ammonia supply 
to the reaction chamber; 

10 a reaction product supply line for transporting hydrogen from the reaction 

chamber; 

a combustion fluid supply line for transporting a combustible fluid to the 
combustion chamber; 

a combustion by-product exhaust line for transporting combustion by- 
1 5 products from the combustion chamber; 

a heat source operationally connected to the reactor; and 

a first adsorbent supply connected to the hydrogen fluid line for removing 
residual ammonia from the hydrogen and where the ammonia supply line is made of a heat 
conducting material and passes through the adsorbent supply. 

20 

40. The hydrogen generation apparatus of claim 39 wherein the adsorbent is an 
acid impregnated carbon adsorbent. 

41. The hydrogen generation apparatus of claim 40 wherein the adsorbent has 
25 from 2 millimoles of strong acid adsorption sites per gram of carbon to 5 millimoles of 

strong acid adsorption sites per gram of carbon. 

42. The hydrogen generation apparatus of claim 39 further comprising a second 
adsorbent supply connected to the reaction product supply line for removing residual 

30 ammonia from the hydrogen, a first valve for selectively directing ammonia from the 
ammonia supply to either the first or the second adsorbent supply, and a second valve for 
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selectively directing reaction products to either the first or the second the second adsorbent 
supply. 

43. The hydrocarbon generation apparatus of claim 39 further comprising a heat 
5 exchanger, operably connected to the combustion by-products exhaust line and to the 

ammonia supply line. 

44. The hydrogen generation apparatus of claim 43 wherein the heat exchanger 
is disposed in the combustion by-products exhaust line between the reactor and the 

10 adsorbent supply. 

45. The hydrogen generation apparatus of claim 39 wherein the heat source is an 
electrical heater. 

IS 46. The hydrogen generation apparatus of claim 45 wherein the electrical heater 

is a battery. 

47. The hydrogen generation apparatus of claim 46 wherein the electrical heater 
is a fuel cell. 

20 

48. The hydrogen generation apparatus of claim 47 further comprising a fuel cell 
fluidly connected to the reaction product supply line. 

49. An ammonia-based hydrogen generation apparatus comprising: 
25 an ammonia supply; 

a thermocatalytic hydrogen generation reactor; 

an ammonia supply line for transporting ammonia from the ammonia supply 
to the reaction chamber; 

a reaction product supply line for transporting hydrogen from the reaction 

30 chamber; 

a combustion fluid supply line for transporting a combustible fluid to the 
combustion chamber; 
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a combustion by-product exhaust line for transporting combustion by- 
products from the combustion chamber; 

a heat source operationally connected to the reactor; 

a first adsorbent supply containing an acid impregnated carbon adsorbent 
5 having from 2 millimoles of strong acid adsorption sites per gram of carbon to 5 millimoles 
of strong acid adsorption sites per gram of carbon connected to the hydrogen fluid line for 
removing residual ammonia from the hydrogen and wherein the ammonia supply line is 
made of a heat conducting material and passes through the adsorbent supply; 

a heat exchanger disposed in the combustion by-products exhaust line between the 
1 0 reactor and the adsorbent supply, and 

a fuel cell fluidly connected to the reaction product supply line. 

50. The hydrogen generation apparatus of claim 49 further comprising a second 
adsorbent supply connected to the reaction product supply line for removing residual 
15 ammonia from the hydrogen, a first valve for selectively directing ammonia from the 
ammonia supply to either the first or the second adsorbent supply, and a second valve for 
selectively directing reaction products to either the first or the second the second adsorbent 
supply. 

20 51. An ammonia-based hydrogen generation apparatus comprising: 

an ammonia supply; 

a theimocatalytic hydrogen generation reactor; 

an ammonia supply line for transporting ammonia from the ammonia supply 
to the reaction chamber; 

25 a reaction product supply line for transporting hydrogen from the reaction 

chamber, 

a combustion fluid supply line for transporting a combustible fluid to the 

combustion chamber; 

a combustion by-product exhaust line for transporting combustion by- 
30 products from the combustion chamber; 

a heat source operationally connected to the reactor; and 
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a heat exchanger opcrably connected to the combustion by-products exhaust 
line and to the ammonia supply line. 

52. The hydrogen generation apparatus of claim 51 wherein the heat exchanger 
5 is disposed in the combustion by-products exhaust line between the reactor and the 

adsorbent supply. 

53. The hydrogen generation apparatus of claim 51 wherein the heat source is an 
electrical heater. 

10 

54. The hydrogen generation apparatus of claim 51 wherein the electrical heater 
is a battery. 

55. The hydrogen generation apparatus of claim 51 wherein the electrical heater 
15 is a fuel cell 

56. The hydrogen generation apparatus of claim 5 1 further comprising a fuel cell 
fluidly connected to the reaction product supply line. 

20 57. A method for generating hydrogen comprising: 

introducing ammonia into a reaction chamber of a thermocatalytic hydrogen 
generation reactor, the reactor including a top plate, a bottom plate, and a reactor core, 
disposed between the top and bottom plates, 

the reactor core having a reaction surface and a combustion surface, each 
25 surface having a raised periphery defining opposing ends and opposing sides, and 

the reaction core having a first set of spaced apart fins extending outwardly from the 
reaction surface and a second set of spaced fins extending outwardly from the 
combustion surface, the first set of fins defining a first plurality of combustion 
channels and the second set of fins defining a second plurality of reaction channels, 
30 each set of channels creating gas flow paths in the direction of from one of the 

opposing side to the other opposing side and spaced apart fr m the opposing ends, 
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the reaction surface and the top plate together defining the reaction chamber and the 
combustion surface and the bottom plate together defining a combustion chamber; 
supplying heat to the reactor; 

heating the ammonia in the reactor to a temperature between 550° and 650° C 
5 for a time sufficient to decompose the ammonia into a reaction product containing hydrogen 
and nitrogen; and 

removing the reaction product from the reactor. 

58. The method in accordance with claim 57 further comprising preheating the 
10 ammonia, before the ammonia is introduced into the reactor. 

59. The method in accordance with claim 57 wherein ammonia is combusted to 
supply the heat to the reactor. 

15 60. The method in accordance with claim 57 wherein a hydrocarbon is 

combusted to supply the heat to the reactor. 

61. The method in accordance with claim 57 wherein butane is combusted to 
supply the heat to the reactor. 

20 

62. The method in accordance with claim 57 wherein the reaction product 
contains residual ammonia and residual ammonia is removed by passing the reaction 
product through an adsorbent supply. 

25 63. A method for generating hydrogen comprising: 

introducing ammonia into a thermocatalytic hydrogen generation reactor; 
supplying heat to the reactor, 

heating the ammonia in the reactor to a temperature between 550° and 650° C 
for a time sufficient to decompose the ammonia into a reaction product containing 
30 hydrogen, nitrogen, and residual ammonia; 

removing the reaction product from the reactor; and 
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passing the reaction product through an adsorbent supply to remove the 
residual ammonia, where the ammonia is passed through the adsorbent supply before it is 
supplied to the reactor. 

5 64. A method for generating hydrogen comprising: 

introducing ammonia into a thermocatalytic hydrogen generation reactor; 
supplying heat to the reactor; 

heating the ammonia in the reactor to a temperature between 550° and 650° C 
for a time sufficient to decompose the ammonia into a reaction product containing 
1 0 hydrogen, nitrogen, and residual ammonia; 

removing the reaction product from the reactor, and 
exchanging heat between the ammonia before it is supplied to the reactor and 
the reaction product. 

15 65. The method in accordance with claim 63 further comprising passing the 

reaction product through an adsorbent supply to remove the residual ammonia, where the 
ammonia is passed through the adsorbent supply before it is supplied to the reactor and the 
reaction product exchanges energy with the ammonia, before the reaction product is passed 
through the adsorbent supply. 
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53 (54) Titte: AMMONIA-BASED HYDROGEN GENERATION APPARATUS AND METHOD FOR USING SAME 

s5 (57) Abstract: A hydrogen 

as generation apparatus employs 

311 a thermocatalytic reactor (60) 

formed of a top plate (62), a bottom 
plate (66), and a reactor core (64) 
disposed between the top and 
bottom plates. The reactor core 
has a reaction surface (64a) and 
a combustion surface (64b), each 
surface having a raised periphery 
defining opposing ends (61a and 
61b) and opposing sides (63a and 
63b). The reaction surface (64a) 
and the top plate (62) together 
define a reaction chamber and 
the combustion surface (64b) and 
the bottom plate (66) together 
define a combustion chamber. 
The reaction core (64) has a first 
set of a plurality of spaced apart, 
substantially straight radiating fins 
(76a) extending from the reaction 
surface (64a) and a second set 
of a plurality of spaced apart, 
substantially straight radiating 
fins (76b) extending from the 
combustion surface (64b). The first 
set of fins (76a) defining a plurality 
of reaction channels (71), while the 

second set of fins (76b) defines a plurality of combustion channels (69) running parallel to the opposing sides (63a and 63b) and is 
spaced apart from the opposing ends (61a and 61b). 
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